The present study was carried out to examine the applicability of Soil and Water Assessment Tool (SWAT) in estimating daily discharge and sediment delivery from mountainous forested watersheds and to assess the impact of forest cover types on stream discharge pattern and sediment load. The study watersheds namely Arnigad and Bansigad, comprising of dense Oak forest (80%) and degraded Oak forest (83%) respectively, are located in lower Himalaya (India). Apart from hill topography, deforestation in the watersheds results in huge loss of productive soil and water as runoff. Daily discharge, sediment concentration and other hydro-meteorological data were monitored at the outlet of each watershed. SWAT was calibrated and validated for daily discharge and sediment concentration using the observed data. The performance of the model was evaluated using the statistical measures of coefficient of determination (R 2 ) and Nash-Sutcliffe efficiency (E NS ). The statistical analysis of calibration results for Arnigad watershed showed very good agreement between observed and simulated daily values, with an R 2 value of 0.91, and an E NS of 84.48% in discharge simulation; and an R 2 value of 0.89, and an E NS of 83.11% in sediment simulation. The model also exhibited high performance on Bansigad watershed with an R 2 value of 0.91, and an E NS of 89.74% in discharge simulation; and an R 2 value of 0.86, and an E NS of 82.07% in sediment simulation. The model performed equally well on validation data and estimated the discharge and sediment yield very close to the observed data. The simulated mean annual water yield and sediment yield were also comparable to observed values in both the watersheds. The mean annual surface runoff and water yield over the entire study period were simulated as 6 and 59.4% respectively of the mean annual rainfall in Arnigad watershed; and 6.9 and 63.7% respectively in Bansigad watershed. The results of the study indicated that SWAT is capable of estimating the discharge and sediment yield from Himalayan forested watersheds and can be a useful tool for assessing hydrology and sediment yield response of the watersheds in the region.
INTRODUCTION
In mountainous watersheds, especially in Himalayan region, the spatial and temporal variability in terms of soil, land use/land cover, topography, rainfall and biotic forest cover, as well as young geologic materials have interventions is large. The steep slopes along with depleted been major factors in soil erosion and sedimentation in river reaches (Jain et al., 2004) . Runoff and sediment yield data is scarcely available for Himalayan watersheds *Corresponding author. E-mail: tyagi@nih.ernet.in, jv_tyagi@yahoo.com. which are often required for operation and management of irrigation and hydropower projects in the region. Reliable measurement of various hydrological parameters including runoff and sediment yield is also a difficult task in remote and inaccessible areas. The use of simulation models can partially solve the problem of hydrologic evaluation of watersheds in conditions with limited and unavailable data of discharge and sediment yield. A suite of physically based, spatially distributed hydrological models are now available. The USDAAgricultural Research Service (ARS) developed CREAMS model (Knisel, 1980) to simulate the long-term impact of land management on water leaving the edge of a field. Several other distributed models for hydrologic and pollutants transport modelling include ANSWERS (Beasley et al., 1980) , GLEAMS (Leonard et al., 1987) , EPIC (Williams et al., 1983) , OPUS (Smith, 1992) , AGNPS (Young et al., 1989) and SWRRB (Williams et al., 1985) . These models were all developed for specific problems and have limitations for modelling watersheds with hundreds or thousands of sub-watersheds.
The soil and water assessment tool (SWAT) (Arnold et al., 1998) , a physically based, spatially distributed model overcomes these limitations and is being increasingly used to assess the hydrological behaviour of large and complex watersheds. Rapid parameterization of hydrologic models can be derived using remote sensing (RS) and geographic information systems (GIS) as remotely sensed data provides valuable and up-to-date spatial information on natural resources and physical terrain parameters. Numerous studies have described the potential benefits and use of RS and GIS in hydrologic modelling (Hession and Shanholtz, 1988; Maidment, 1993; Srinivasan and Engel, 1991; Bhaskar et al., 1992; Pandey et al., 2005 Pandey et al., , 2009 . Among others, the SWAT model has proven to be an effective tool for assessing water resource and nonpoint-source pollution problems for a wide range of environmental conditions. The model has been widely used in various regions and climatic conditions on daily, monthly and annual basis (Arnold et al., 1998; Mulungu and Munishi, 2007; Muttiah and Wurbs, 2002; Srinivasan et al., 2005; Tolson and Shoemaker, 2007) and for the watershed of various sizes and scales (Kannan et al., 2008 (Kannan et al., , 2007 . Rosenthal et al. (1995) tested SWAT predictions of stream flow volume for the Lower Colorado River basin (8927 km 2 ) in Texas. A GIS-hydrologic model link was used to aid in forming input files. Stream flow was simulated for nine years for four stream gauge locations with 60 sub-watersheds. With no calibration, the model closely simulated monthly stream flow with a regression coefficient (R 2 ) of 0.75. Bingner (1996) evaluated the SWAT model in the Goodwin Creek Watershed (21.31 km 2 ) located in northern Mississippi over a 10-year period. The land use of the watershed was primarily pasture and cultivated field. The Nash-Sutcliffe coefficients (E NS ) and R 2 values computed with observed monthly flow were all around 0.80. Srinivasan et al. (1997) In one of the few applications to study daily streamflow, Peterson and Hamlett (1998) (Pandey et al., 2009 (Pandey et al., , 2005 Tripathi et al., 1999) . Tripathi et al. (2003) applied the SWAT model for Nagwan watershed (92.46 km 2 ) with the objective of identifying and prioritizing of critical sub-watersheds to develop an effective management plan. The model was verified for monsoon season on daily basis for the year 1997 and on monthly basis for the years 1992 to 1998 for both surface runoff and sediment yield. Jain et al. (2010) calibrated and validated SWAT for estimating runoff and sediment yield from part of the Satluj river basin lying between Suni and Kasol in Western Himalaya. The R 2 values in estimating daily runoff and sediment yield were 0.33 and 0.26 respectively, while for monthly runoff and sediment yield these were computed as 0.62 and 0.47 respectively. They considered these values reasonably satisfactory for estimating runoff and sediment yield from remote watershed with limited data. The review of literature, in general, indicated that SWAT is capable of simulating hydrological processes with reasonable accuracy. However, studies related to applicability of SWAT to the watersheds located in Himalayan region of India are rarely available in literature. The present study aims at examining the applicability of SWAT in simulating the hydrological and sediment response of dense and degraded Oak forest covers that predominantly occupy Arnigad and Bansigad watersheds respectively in lower Himalaya (India). The Specific objectives of the study were to: i) measure rainfall, runoff and sediment concentration and other hydro-meteorological parameters in the watersheds, ii) calibrate and validate SWAT for the study watersheds using the measured data and assess its applicability in simulating daily discharge and sediment transport from forested mountainous watersheds, and iii) assess the impact of different forest cover types on stream discharge pattern and sediment yield.
STUDIED WATERSHEDS
Two small watersheds namely, Arnigad (30° 26' 13.9" N, 78° 05' 37.4" E) and Bansigad (30° 27' 9.1" N, 78° 02' 45.9" E), located 36 km North of Dehradun near Mussoorie (situated on the first mountain ridge beyond Dehradun) in Uttarakhand state of India were selected for the present study (Figure 1 ). The Arnigad (304.4 ha) and Bansigad (209.8 ha) watersheds are predominantly covered with moderately dense Oak forest and moderately degraded mixed Oak forest, respectively. The landform of both the watersheds consists of rugged, mountainous terrain with steep slopes. The elevation in Arnigad and Bansigad ranges between 2,220 to 1,640 m above msl and 2,160 to 1,620 m above msl, respectively. The mean orientation of both the watersheds is south. The drainage pattern of both the micro-watersheds is of dendritic type. The annual rainfall in Mussoorie is about 2005 mm of which 60 to 85% is received during monsoon season (June to September). In Mussoorie, the mean annual air temperature is 13.7°C. The hottest month is June with an average (1961 to 1995) air temperature of 19.8°C, and the coldest month is January with an average air temperature of 6°C.
The Mussoorie range, constituting the Proterozoic to lower Cambrian rocks of the lesser Himalaya is separated from the Cainozoic Siwalik Group and the Dun gravels by the MBT (Thakur and Pandey, 2004) , that is a north-northeast dipping thrust along which the lesser Himalayan rocks are thrust over the Siwaliks (Rautela et al., 2010) . The main parent material in this area consists of quartzite, schist, slates, phyllite, hard sandstones, limestone and dolomite (Bartarya, 1995) .
BRIEF DESCRIPTION OF SWAT MODEL
SWAT 2005 with ArcSWAT interface was used in the present study. SWAT is a continuous, physically based distributed model that operates on a daily time step at watershed scale for long-term simulation of hydrology, sediment and agricultural chemical movement (Arnold et al., 1998) . SWAT can analyse small or large catchments by discretising into sub-basins, which are then further subdivided into hydrological response units (HRUs) with homogeneous land use, soil type and slope. The SWAT system embedded within ARCGIS can integrate various spatial environmental data including soil, land cover, climate and topographical features. SWAT estimates daily volume of overland rainfall excess over each HRU by solving the water budget components of precipitation, runoff, evapotranspiration, percolation and return flow from subsurface and groundwater flow (Arnold et al., 1998) . The model uses the Green-Ampt method or the modification of the SCS curve number method (USDA Soil Conservation Service, 1972) to compute surface runoff volume. Peak runoff rate is estimated using a modification of the 'rational method' (Chow et al., 1998) . The measured daily potential evapotranspiration can be loaded directly for the watershed or determined using the Penman-Monteith method, the PriestleyTaylor method or the Hargreaves method (Arnold et al., 1998) . Lateral subsurface flow is simulated using kinematic storage model, whereas empirical approaches are adopted for groundwater (Arnold et al., 1998; Borah and Bera, 2003; Neitsch et al., 2005) .
In SWAT, Manning's equation is used to estimate flow rate and velocity through channels. Flow routing is based on either the variable storage or the Muskingum routing method (Neitsch et al., 2005) . In the present study, SCS curve number and Muskingum routing methods, along with daily climate data, were used for surface runoff and streamflow computations. The Penman method was used to estimate potential evapotranspiration. SWAT uses the modified universal soil loss equation (MUSLE) (Williams, 1975) for computing the soil loss for each HRU. The sediment concentration is obtained from the sediment yield, which corresponds to flow volume within the channel on a given day. The transport of sediment in the channel is controlled by simultaneous operation of two processes: deposition and degradation. Whether channel deposition or channel degradation occurs depends on the sediment loads from the upland areas and the transport capacity of the channel network.
MODEL INPUT DATA
The basic spatial input datasets used by the model include the digital elevation model (DEM), land use/cover data, soil data and climatic data. The brief methodology for preparation of the data is described as follows:
Digital elevation model
DEM is one of the main inputs of the SWAT model to define topography of the study area. Elevation contours at 20 m interval were digitized from Survey of India toposheet (no. 53 J/3) at 1:50,000 scale using ARCGIS software. The digitized contours were used to generate DEM (Figure 2a and 2b ) with a grid cell resolution of 30 m. The DEM was used to delineate the boundary of the watershed and analyze the drainage patterns of the land surface terrain. Terrain parameters such as slope gradient and slope length, and stream network characteristics such as channel slope, length and width were derived from the DEM.
Land use/cover data
Land use is one of the most important factors that affect runoff, soil erosion and evapotranspiration in a watershed during simulation (Neitsch et al., 2005) . As per the Survey of India toposheet, major land use in Arnigad and Bansigad watersheds consists of oak forest with small areas under habitation and barren lands. The extent of various land use classes shown in the Survey of India toposheet (1:50,000 scale) was verified in the field and minor modifications were made in the boundaries of land use classes as per actual extent. For preparation of land use map, the field surveyed land use classes were digitized and converted to raster format with grid cell size of 30 m. The generated land use maps of Arnigad and Bansigad watersheds are shown in Figure 3(a and b) . The various land use categories and their coverage in both the study watersheds are presented in Table 1 .
Soil data
The soil textural and physicochemical properties required by SWAT model include soil texture, available water content, hydraulic conductivity, bulk density and organic carbon content for each soil type. Undisturbed soil samples were collected from the depths of 0 to 15 and 15 to 30 cm using core samplers from five locations in each watershed. The collected soil samples were analysed in a standard soil laboratory for particle size distribution, bulk density, soil organic carbon and hydraulic conductivity. The available water content was calculated by subtracting the moisture content at wilting point from that at field capacity. Texturally, the soils in both the study watersheds were sandy loam soils. The average values of soil properties for Arnigad and Bansigad watersheds are presented in Table 2 .
Weather data
Meteorological observatories were established within each watershed to monitor daily rainfall, temperature, humidity and wind velocity. Rainfall was measured using tipping bucket rain gauge linked with a data-logger system, and also with ordinary rain gauge for cross check. Maximum and minimum temperature, relative humidity and wind velocity were measured with the help of maximum to minimum thermometers, dry-wet bulb thermometers and anemometer respectively. The meteorological data was collected from March 2008 to February 2011.
Hydrological and sediment yield data
The daily discharge and suspended sediment concentration for the period of March 2008 to February 2011 were measured at the outlets of each study watershed. A sharp-crested weir with apex angle of 120° was constructed at the medial line of flow and a digital stage level recorder was used to measure stream stage. Daily discharge was calculated using appropriate weir formula. The water samples were collected using Punjab bottle samplers and analysed in the laboratory for sediment concentration. Sediment 
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Model set-up
The ArcSWAT interface was used for the setup and parameterization of the model. A digital elevation model (DEM) was imported into the SWAT model. A masking polygon (in grid format) was loaded into the model in order to extract the area of interest, delineate the boundary of the watershed and digitize the stream network in the study area. The minimum threshold area for generation of streams was taken as 20 ha that divided Arnigad and Bansigad watersheds into seven and nine sub-watersheds (Figure 4a and 4b) respectively. The land use/cover and soil maps of the study watersheds (in grid format) were also imported into the model and overlaid to obtain a unique combination of land use, soil and slope. Multiple HRUs with 10% land use and 10% slope thresholds were set to eliminate minor land uses and slope classes in each sub-watershed as recommended in the SWAT user manual (Neitsch et al., 2002) . A total of 15 and 21 HRUs were delineated in Arnigad and Bansigad watersheds respectively. The daily data of rainfall, minimum and maximum temperature, relative humidity, wind speed and solar radiation were prepared in the appropriate file format and imported into the model.
Model calibration and validation
The calibration and validation were carried out at daily time steps using flow and suspended sediment concentration data. The calibration was performed using the data from parameters need to be calibrated to adequately simulate streamflow and sedimentation processes in the study watersheds. Parameters can either be calibrated manually or automatically. In this study, the calibration was done manually based on physical catchment understanding and sensitive parameters from published literature (Bärlund et al., 2007; Xu et al., 2009) landuse and antecedent soil water conditions, is an important parameter for surface runoff (Oeurng et al., 2011; Das et al., 2007; Parajuli et al., 2007; Arabi et al., 2008; Wang et al., 2008) . Since the base flow forms a significant part of the total flow in the study watersheds, the baseflow recession coefficient (ALPHA_BF) was calibrated for simulation of base flow. The other important parameters that were calibrated for prediction of flow included 'soil evaporation compensation factor' (ESCO), 'plant water uptake compensation factor' (EPCO), 'surface runoff lag time' (SURLAG), 'groundwater delay' (GW_DELAY), 'deep aquifer percolation factor' (RCHRG_DP), 'Manning's ''n'' value for tributary channels' (CH_N1), 'Manning's ''n'' value for main channel' (CH_N2) and 'Maining's ''N'' for overland flow' (OV_N). SWAT uses MUSLE (Williams, 1975) for prediction of sediment concentration. Therefore, the MUSLE "crop cover and management factor' (C) and the channel sediment routing variables, namely, a linear parameter for calculating the maximum amount of sediment that can be entrained during channel sediment routing (SPCON), an exponential parameter for calculating the channel sediment routing (SPEXP) were adjusted during the calibration. In the validation process, the model was run with calibrated input parameters and the model predictions were compared with an independent set of observed data of the period of June 2010 to February 2011.
Criteria for model evaluation
Several statistical measures are available for evaluating the performance of a model. In the present study, the ). The Nash and Sutcliffe (1970) efficiency is one of the most frequently used criteria and is expressed in percentage form as:
Where O i and S i are the observed and simulated values, n is the total number of paired values and is the mean observed value.
The efficiency varies from 0 to 100 with 100 denoting perfect fit. Generally, E NS is very good when E NS is greater than 75%, satisfactory when E NS is between 36 and 75%, and unsatisfactory when E NS is lower than 36% (Nash and Sutcliffe, 1970; Krause et al., 2005) . However, a shortcoming of the Nash-Sutcliffe statistic is that it does not perform well in periods of low flow, as the denominator of the equation tends to zero and E NS approaches negative infinity with only minor simulation errors in the model (Oeurng et al., 2011) . This statistic works well when the coefficient of variation for the data set is large.
The coefficient of determination (R 2 ) is the proportion of variation explained by fitting a regression line and is viewed as a measure of the strength of a linear relationship between observed and simulated data. It is computed as:
Where is the mean of simulated values, R 2 ranges between 0 and 1. The value of 1 implies that the computed values are in perfect agreement with the observed data.
RESULTS AND DISCUSSION
Assessment of calibration results
The observed and simulated daily runoff and sediment concentration during calibration period of June 2008 to May 2010 are graphically presented in Figure 5 6b) shows that simulated sediment concentration also generally followed the observed trend in both the watersheds. Although, model predicted peak values were found both higher and lower than the observed values at different times in both watersheds, the difference was within reasonable limits. The difference in simulated and observed values could occur due to the fact that in practice, high-intensity and even short duration rainfall can generate more sediment than simulated by the model on the basis of daily rainfall (Xu et al., 2009) . The simulated sediment concentration during non monsoon seasons was higher than the observed values in Arnigad watershed. The obvious reason for higher sediment simulation is that the sediment response follows the simulated runoff rate as the sediment generation is largely determined by the runoff quantity. In Bansigad watershed, the simulation of sediment concentration during non monsoon seasons was reasonably good. The observed daily flows and sediment concentration were plotted against simulated daily flows and sediment concentration along with 1:1 line (line of perfect fit) as shown in Figure 7 indicates under-prediction of the flows. Similar interpretations can also be made from the scatter plots of sediment concentration (Figures 7b and 8b) .
The statistical indices of model performance are presented in Tables 3 and 4 for Arnigad and Bansigad watersheds, respectively. The analysis for Arnigad watershed showed very good agreement between observed and simulated daily values, with an R 2 value of 0.91, and an E NS of 84.48% in discharge simulation; and an R 2 of 0.88, and an E NS of 83.11% in sediment simulation. In Bansigad watershed too, the model exhibited a very good performance in simulating the discharge (R 2 = 0.91, and E NS = 89.74%) and the sediment concentration (R 2 = 0.86 and E NS = 82.07%). 
Assessment of validation results
For validation, the observed daily discharge and sediment concentration data of the period of June 2010 to February 2011 were utilized and compared with the model simulated values. A visual comparison of the observed and simulated daily discharge and sediment concentration is presented in Figure 9 (a, b) for Arnigad and Figure 10 (a and b) for Bansigad watershed. These results show a good general agreement between observed and simulated trends of discharge and sediment concentration in both the watersheds. Further, it is observed that similar to calibration results, the peak flows are slightly overestimated in Arnigad watershed and underestimated in Bansigad watershed. The flows during non monsoon season are simulated reasonably accurate in both the watersheds. In estimating suspended sediment concentration (Figures 9b and 10b) , the peak values are observed to be overestimated in both the watersheds. The model also overestimated the sediment concentration during non monsoon period which is possibly due to the reason that the quantity of sediment generation also depends on the simulated discharge rate as mentioned earlier.
The scatter plots of observed and simulated daily discharge and sediment concentration are shown in Figure 11(a, b) for Arnigad and Figure 12(a and b) for Bansigad watershed. Although, the data points lying above and below the line of perfect fit show some overestimation and underestimation respectively, the closeness of the data points to the line of perfect fit indicates a very good performance of the model in estimating both discharge and sediment concentration for the study watersheds. It can be seen from Tables 5 and 6 that the R 2 of 0.94 and E NS of 82.78% in discharge estimation, and R 2 of 0.88 and E NS of 83.28% in sediment estimation are computed for Arnigad watershed; and R 2 of 0.92 and E NS of 92.5% in discharge estimation, and R 2 of 0.94 and E NS of 80.67% in sediment estimation are computed for Bansigad watershed. These R 2 and E NS values are of the same order as obtained during calibration which explain that model has performed equally well on the data set used for validation purpose. The model performance with these high values of statistical indices can be rated as more than satisfactory in simulating discharge and sediment concentration from the study watersheds. The aforementioned results can be viewed in the light of the fact that the runoff and soil erosion process in hilly and mountainous forested catchments are highly complex phenomena and affected by interaction among rainfall, runoff, soil texture and structure, land use, land slope and conservation measures. Therefore, magnitude of randomness in daily simulated values may be large in mountainous catchments (Singh et al., 2011) . Generally, poor correlation among daily values in SWAT simulation has been reported in literature (Peterson and Hamlett, 1998; Varanou et al., 2002; Spruill et al., 2000) .
The results of the present study, however, indicate that SWAT can be used for estimation of daily discharge and sediment from forested watersheds in lesser Himalayas.
Assessment of the impact of forest cover types on stream discharge pattern and sediment yield
The assessment of runoff and sediment yield was made based on the total simulation period of three years. The model predicted that mean annual rainfall of 2925 mm over Arnigad watershed was mainly partitioned among evapotranspiration, ET (27.3%), percolation/ groundwater recharge (62.2%), transmission loss/abstraction (4.5%) and surface runoff (6%). The simulated mean annual water yield amounted to 1738.5 mm (59.4%) against the observed water yield of 1622.4 mm (55.5%). In Bansigad watershed, the mean annual rainfall of 2926.5 mm was partitioned among ET (22.1%), percolation/groundwater recharge (65.8%), transmission loss/abstraction (5.2%), and surface runoff (6.9%) and the mean annual water yield was simulated as 2030.1 mm (69.3%) against the observed value of 1863.6 mm (63.7%). These values indicate that the water balance components in both catchments are almost identical. These results can be supported by the fact that the distribution of land use and soil types in both the watersheds is almost similar. Higher ET and lower surface runoff in Arnigad than the Bansigad watershed is obvious due to the difference in forest cover types in Arnigad (dense Oak forest) and Bansigad watershed (degraded Oak forest). Although, higher water yield is obtained in Bansigad than the Arnigad watershed, the river flow in Bansigad ceases in the month of February or during early March, while Arnigad sustains the river flow throughout the year. Sharda and Ojaswi (2006) reported that root system of an oak tree is very extensive and soil-root complex system of each mature oak tree has a capacity to store several hundred litres of water, which is released as base flow during the lean season. The mean annual sediment loading from the Arnigad and Bansigad watershed was simulated as 8.45 and 21.97 t ha -1 respectively against the mean observed sediment yield of 10.70 and 24.46 t ha -1 in respective watersheds. The simulated sediment yield is comparable to observed values in both the watersheds. The high sediment yield in Bansigad watershed can be attributed to degraded forest cover and other anthropogenic activities in the watershed.
Conclusions
The present study was carried out to evaluate the applicability of physically based, distributed parameter SWAT model in estimating discharge and sediment yield from two forested watersheds in lower Himalaya (India) and to assess the impact of forest cover types on stream discharge and sediment yield. The following were drawn based on the results of the study:
1) The model simulated daily discharge and suspended sediment concentration followed the trend of observed values in both the watersheds. 2) R 2 values of 0.91 and above and E NS values of 82.8% and above both in calibration and validation exhibited high performance of SWAT in simulating the discharge from the study watersheds. 3) Similarly, the model also performed more than satisfactory on both the study watersheds in simulating the sediment concentration with R 2 values of 0.86 and above and E NS above 80%. 4) The model also simulated the mean annual water yield and sediment yield close to the observed values in both the watersheds. The mean annual surface runoff and water yield over the entire study period were simulated as 6 and 59.4% respectively of the mean annual rainfall in Arnigad watershed; and 6.9 and 63.7% respectively in Bansigad watershed. The mean annual sediment yield from the respective watersheds was simulated as 8.45 and 21.97 t ha -1 respectively. 5) The higher ET, lower mean annual surface runoff, lower water yield and lower sediment yield from dense oak forest than that from the degraded oak forest clearly indicated the effect of forest cover types on these hydrological variables. 6) The water balance components simulated by the model provided a useful insight for examining the hydrological behaviour of study watersheds, especially the ET needs and water delivery from the watersheds which are dominated by two different forest cover types. 7) The results indicated that SWAT is capable of estimating the discharge and sediment yield from Himalayan forested watersheds, the estimates of which are often required for operation and management of irrigation and hydropower projects in the region.
